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I. INTRODUCTION
Lanthanide-doped nanocrystals are especially promising since their light is emitted from a single atom which is shielded from the environment. As such, these new sources are immune to the two major disadvantages of todays emitters: the temporary loss of fluorescence (blinking) which is a common feature of quantum dots 1 and permanent loss of fluorescence (photobleaching) which is the major disadvantage of molecular emitters 2 . The reliable emission and perfect photostability of lanthanide-doped nanocrystals promise the full control of light-matter interaction at the nanoscale. As a dopant, Cerium (Ce 3+ ) has strong advantages compared to other lanthanides 3 . Ce 3+ -doped nanocrystals have high quantum efficiency due to 5d-4f dipole Ce 3+ allowed transition. Because of the large oscillator strength of the transition, they are extremely bright and fast. [11] [12] [13] [14] , and localized plasmons 15, 16 . Unlike other systems, to obtain the enhancement and the efficient coupling to the specific spatial mode at the same time,
we use propagating plasmons on metallic nanowires (NWs) [17] [18] [19] [20] . Using such method, we may enhance the emissive process into one particular propagating plasmon mode which can be further transferred into a photonic mode of an optical waveguide with high efficiency [21] [22] [23] 5%. As for the reference, the 0.1 ml suspension of YAG:Ce 3+ nanocrystals was spun on the cover slide at 6,000 rpm for 20 seconds resulting in ∼20-30 nm thickness layer with a low areal density of about 0.6 µm −231 . Then, on the top of the first layer, the 0.2 ml suspension of PMMA was spun at 1,000 rpm for 20 seconds resulting in 1 µm thickness layer. In the preparation for the YAG:Ce 3+ nanocrystals-gold NW samples, the suspension of PMMA was mixed with gold NW (Nanopartz, diameter d nw = 100 nm, length l nw = 2 µm) before the suspension was spun on the top of the PVA layer. The thickness of the resulting PVA layer was characterized by atomic force microscopy spanning a region containing a scratch made on the layer with a Teflon tweezers, yielding a homogeneous layer of t = 21 ± 3 nm, see Photoluminescence (PL), bleaching, and time-resolved emission measurements were performed at room temperature. The sample was optically excited using the continuous-wave or 10-MHz pulse diode laser at 450 nm with an excitation power of 1 µW and a beam spot diameter of 2 µm. For bleaching and time resolved emission, we used the pulse diode laser and filtered the emission with a Semrock Brightline at a maximum peak of 590 nm and 104-nm width. Fig. 2a From our experiments, we derived the emission rate enhancement factor (t hom /t goldN W ) of 3.8. Four enhancement data and those for 100-nm diameter fluorescent dyed spheres are compiled as box charts in Fig. 4b . From the charts, the emission rate enhancements for YAG:Ce 3+ nanocrystals and fluorescent dyed spheres, which almost have the same emission wavelength, are 2.9 ± 0.7 and 1.7 ± 0.3, respectively. The enhancements for fluorescent dyed spheres are the same with the earlier observation 20 . The larger enhancements in YAG:Ce 3+ nanocrystals to those in fluorescent dyed spheres can be strongly correlated either with the refractive index or the diameter of the light sources. In the following discussions, we will investigate both factors with the calculations using the analytical model of spherical particle scattering and MNPBEM.
II. EXPERIMENTS AND RESULTS
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III. DISCUSSIONS
For the investigation on the effects of the refractive index and diameter of the light source to the emission rate enhancements, we propose a single sphere plasmonic nanowire model as a combination of the analytical model of spontaneous emission of an electric dipole located inside a spherical particle as defined previously by Chew 29 and BEM simulation of the spontaneous emission near a plasmonic NW using the solution of the full Maxwell equations 30 . The scheme of the calculation and simulation is illustrated in the inset of Fig.   5a . First, we modeled a YAG:Ce 3+ nanocrystal or a fluorescent dyed sphere as a spherical particle with a refractive index n lsor and a dielectric constant ǫ lsor uniformly filled with Ce 
for radial oscillations with the respect of the center of the nanocrystal or fluorescent dyed sphere and
for tangential oscillations. The terms with the factor D n are electric multipole (TM) terms and those with the factor D ′ n are magnetic multiple (TE) terms. Some related parameters are n lsor = √ ǫ lsor , y lsor = k lsor r ′ , ρ lsor,poly = k lsor,poly d lsor ,
The denominators D n and D n ' are the same as those of the elastic (Mie) scattering coefficients 29 . The formulation above is described for mapping the arbitrary distribution of the emission rate for single Ce 3+ ions or single dyes inside the nanocrystal or fluorescent dyed sphere, respectively. However, there is a limitation in the calculation for the emission rate of the single Ce 3+ ions or single dyes in the proximity close to the surface of the nanocrystal or fluorescent dyed sphere, respectively, and the plasmonic nanowire. Therefore, we should define the average emission rates for that reason and give analytic and numerical results for the special case of a uniform distribution of Ce 3+ ions or dyes inside the nanocrystal or fluorescent dyed sphere, respectively. In details, we introduce the normalized average emission rate for either radial R ⊥ /R ⊥ 0 or tangential oscillations R /R 0 to be the total normalized radiated power for one of the polarizations divided by the total number of excited Ce 3+ ions or dyes 29 .
where R ⊥ /R ⊥ 0 or R /R 0 is given by Eq. 1 or Eq. 2, respectively. n(r) is the density of excited Ce 3+ ions or dyes inside the nanocrystal or fluorescent dyed sphere, respectively.
For a uniform distribution, n(r) is a constant while the averages reduce to
where P = 1/(ǫ lsor ǫ poly ),
L n = (2n + 1)
The integrals L n dan M n can be evaluated by the process of recursion using both spherical
Bessel functions and the sine integral 29 . Since we have an interest only for the total rate average over the polarizations, we calculate
for Eqs. 1 and 2 and Eqs. 5 and 6, respectively. Then, we employed MNPBEM simulation toolbox 30 using the emission rates from the analytical model, see the inset in Fig. 5a . We used this approach instead of another analytical NW scattering model 10 since the metallic nanowire plasmons are much more complicated and they depend strongly on the particle geometry and the interparticle coupling with the light source geometry. Thus, the MNPBEM simulation toolbox in our model computed for a given external perturbation of the induced electromagnetic fields created by a nearby emitter. This was achieved by solving full Maxwell equations and using the boundary condition at the metallic nanowire boundaries. For the calculation of the emission rate, we limit the distance between the Ce 3+ ions or dyes and the gold NW as close as 0.5
nm. This distance can be attributed to the surface wall of the single nanocrystal or the single fluorescent dyed sphere.
For the solutions with full Maxwell equations, we need both scalar φ and vector A potentials while both potentials are related through the Lorentz gauge condition ∇·A = ikǫφ 33 . A convenient solution scheme is given by the Green function of the wave equation.
with
where k i = √ ǫ i k is the wavenumber in the medium outside the nanowire, k = ω/c is the wavenumber in vacuum, and c is the speed of light. In our model, the medium outside the nanowire consists of the spherical particle and the polymer medium and we therefore may replace index i with lsor and poly, respectively. As consequences, we can write down the solutions in the forms:
and
G lsor,poly (r, s)h lsor,poly (s)da.
Both solutions fulfill the Helmholtz equations everywhere except at the particle boundaries.
σ lsor , σ poly , h lsor , and h poly are surface charges and current distributions inside the spherical particle and the polymer medium, respectively. φ ext and A ext are the scalar and vector potentials characterizing the external perturbation. In this MNPBEM approach, the integrals derived from Eqs. 9 and 10 are approximated by sums over boundary elements. Working on the boundary conditions of Maxwell equations, we derived a set of equations for σ lsor,poly and h lsor,poly 33 , which could be solved through matrix inversions and multiplications. After solving σ lsor,poly and h lsor,poly , we computed the potential everywhere else through Eqs. 9 and 10 as well as the electromagnetic fields. Those fields are related to the potentials through the usual relations E = ikA − ∇φ and H = ∇ × A.
In summary, using the analytical model, we first obtained the emission rates from Eqs.
1,2,5,and 6 with d lsor and n lsor as independent variables. After that, we employed MNPBEM simulations with parameters of the single gold NW, i.e. the diameter d nw = 100 nm, the length l nw = 2 µm, and ǫ nw = −8.29 + 1.97i. Fig. 5a shows the distribution of the emission rate enhancements inside the single spheres in the proximity of the gold NW as models for the YAG:Ce 3+ nanocrystals (n lsor = 1.83) and fluorescent dyed spheres (n lsor = 1.59) in the experiments. For the distribution, the emission rates from Eqs. 1 and 2 were used as inputs for MNPBEM simulations. However, the rates calculated in Fig. 5a are limited only for the rates at a distance of 0.5 nm from the surfaces of the spheres. For YAG:Ce 3+ nanocrystals with a diameter of 22 nm, the relative variance of the emission rate enhancements s 2 /x 2 is 0.009. This variance is twenty times smaller than that of single fluorescent dyed sphere with a diameter of 100 nm of 0.167. The maximum and the minimum enhancements of six and one folds, respectively, is only achieved for dyes inside single fluorescent dyed sphere.
After the emission rate distribution is discussed, we focus on the average emission rates for the ensemble emitters as those were actually measured in our experiments. For the analysis of the average emission enhancements from the ensemble Ce 3+ doped ions and dyes inside YAG nanocrystals or fluorescent dyed spheres, respectively, the average emission rates from Eqs. 5 and 6 were used as inputs for MNPBEM simulation. Then, we also vary d lsor and n lsor as attempts to obtain information about the effects of the light source sizes and refractive indexes to the emission enhancements. The results are summarized in Figs. 5b and 5c. First, we discuss the emission rates for the light source solely inside the polymer medium n poly = 1.55. For the same sizes of the light sources shown in Fig. 5b , the emission rates get more inhibited when the refractive indexes get larger 29 . However, the emission rates are more complicated for different light source sizes. In one case, the emission rates for small size light source tend to get more enhanced for the refractive indexes of the light sources smaller than the polymer medium (n lsor < n poly ). In another case, those tend to get more inhibited for n lsor > n poly , see 
IV. CONCLUSION
Here we reported a nano-assembled system comprising single YAG:Ce 3+ nanocrystals and single gold NWs. The maximum and the average emission rate enhancements of 3.8 and 2.9 ± 0.7 folds were reported respectively. We also compared the emission rate enhancements of the fluorescent dyed spheres in the same NW system with the same emission wavelength. 
